binding-site levels in layers IV and VI, indicating their regulation by thalamocortical afferents. With P6 lesions, this reduction was observed as early as 6 hr postlesion. These results suggest that a, nAChRs are localized primarily on cortical cells in rat somatosensory cortex and provide further evidence for thalamocottical influence on cortical ontogeny. These data also suggest a role for cholinergic systems during a critical period of cortical synaptogenesis.
Distributions
of 01~ nicotinic acetylcholine receptor (nAChR) mRNA and [1251] oc-bungarotoxin (a-BTX) binding sites in the developing rat somatosensory cortex were characterized in relation to acetylcholinesterase (AChE) histochemical staining of thalamocortical terminals to investigate the role of this receptor in cortical development.
Using quantitative in situ hybridization and receptor autoradiography, elevated levels of mRNA and binding-site expression were first detected at postnatal day 1 (PI) in deep and superficial layers, just beneath the AChE-stained thalamocortical terminals. Onset of expression occurred -1 d after ingrowth of AChE-stained thalamocot-tical afferents. By P5, mRNA and binding-site expression exhibited a disjunctive, barrel-like pattern in layer IV and, more clearly, in layer VI. The mRNA and binding-site expressions peaked at -1 week postnatal and then declined to adult levels. Unilateral electrolytic or cytochemical lesions placed in the thalamic ventrobasal complex at PO (just as thalamocortical afferents are innervating the cortex) and at P6 (when the somatotopic map is well established) resulted in a marked reduction of (Ye nAChR mRNA and ['251]c&TX binding-site levels in layers IV and VI, indicating their regulation by thalamocortical afferents. With P6 lesions, this reduction was observed as early as 6 hr postlesion. These results suggest that a, nAChRs are localized primarily on cortical cells in rat somatosensory cortex and provide further evidence for thalamocottical influence on cortical ontogeny. These data also suggest a role for cholinergic systems during a critical period of cortical synaptogenesis.
Key words: nicotinic; bungarotoxin; cholinergic; thalamocortical; barrels; cortical development Considerable attention has been focused on how regions of the neocortex, particularly primary sensory regions, acquire their unique characteristics (Rakic, 1988; O'Leary, 1989) . In the rodent, one region of the neocortex that has been studied extensively in relation to this issue is the primary somatosensory cortex (Sl). This region contains discrete aggregates of neurons in layer IV known as "barrels" (Woolsey and Van der Loos, 1970) which reflect the pattern of vibrissae on the rodent's face (Killackey and Leshin, 1975) . These barrels are innervated by clusters of ventrobasal (VB) thalamic afferents arranged in a somatotopic pattern. Much evidence suggests that early Sl differentiation is strongly influenced by these afferents (for review, see O'Leary et al., 1994) .
Numerous studies have analyzed both pre-and postsynaptic markers to determine the earliest appearance of barrel patterns in the Sl (Robertson, 1987; McCandlish et al., 1989; Rhoades et al., 1990; Jhaveri et al., 1991; Paysan et al., 1994) . Such studies have demonstrated a periphery-related pattern in the Sl as early as postnatal day 1 (Pl). One recent study, examining acetylcholinesterase (AChE) labeling of the developing thalamocortical projection has reported a somatotopic pattern of thalamic terminals in the Sl by birth. This early soma-totopic pattern suggests that thalamocortical afferents convey the patterning information to developing Sl. Fuchs (1989) has demonstrated that ["'I]~-bungarotoxin (CZ-BTX) binding exhibits a transient pattern of expression within developing rat sensory cortex. In the Sl, this unique columnar pattern is associated with the whisker barrel field in layer IV, but shows a more intense barrel-like expression in layer VI. Several studies have suggested that, in the rat CNS, (Y-BTX binds to receptors composed of 01, nicotinic acetylcholine receptor (nAChR) subunits (Alkondon and Albuquerque, 1993; Seguela et al., 1993) . We have recently shown a corresponding transient pattern of 01, nAChR mRNA expression in developing Sl, which also exhibits a more intense pattern in layer VI (Broide et al., 1995) . This transient pattern of nAChR expression in deeper Sl laminae, coinciding with the period of thalamocortical ingrowth, suggests an intrinsic organization within the cortex that either helps guide innervating afferents or is induced by them.
To address this issue further, we have used quantitative in situ hybridization and receptor autoradiography to study the developmental expression of o(~ nAChR mRNA and ['251]a-BTX binding sites in relation to AChE-labeled thalamic terminals in alternate sections from the same brain. We find that thalamocortical afferents appear before the transient pattern of 01~ nAChR distribution. In addition, by interrupting this pathway both at the time that thalamocortical afferents are beginning to innervate the cortex and during a period when the somatotopic map has been well established, we demonstrate a dynamic regulation of (Ye nAChR mRNA and protein levels by thalamocortical afferents. This study provides further evidence for thalamocortical influence on corti-cal development and suggests a possible role for the cholinergic system during this period of synaptogenesis.
MATERIALS AND METHODS

All chemicals
were obtained from Sigma (St. Louis, MO) unless otherwise mentioned.
Animals. Timed pregnant
Sprague-Dawley rats (Simonsen, Gilroy, CA) were used for this study. Animals were mated during a 2 hr period, and a sperm-positive vaginal smear started embryonic day 0 (EO). Rat pups were born early on E22, and the first 24 hr period after birth was termed PO. Rats aged PO, Pl, P2, P3, P.5, P7, PlO (n = 6-8 per age), P15, and P70 (n = 4 per age) were used for studying the postnatal time course of 01~ receptor pattern formation. Pups aged PO were used for young animal lesion studies and allowed to survive for 5 d postlesion (n = 5), whereas pups aged P6 were used for older animal lesion studies and allowed to survive for periods varying from 6 hr to 4 d postlesion (n = 3-4 per time point).
YB thalamic lesions. Rat pups aged PO were anesthetized by hypothermia, whereas those aged P6 were anesthetized with Metofane (PitmanMoore, Mundelein, IL). Unilateral lesions of the VB thalamic complex were made using the following coordinates: an anterior-posterior position half the distance between bregma and lambda sutures. For PO rat pups, 1.5 mm lateral from the medial suture and 3.0 mm ventral from the pial surface. For P6 pups, 2.1-2.3 mm lateral from the medial suture and 3.5-3.7 mm ventral from the pial surface. In 5 PO animals and 20 P6 animals, the tip of a stainless steel electrode was placed in the VB complex.
Electrolytic lesions were made by passing a 0.9 mA positive current for 20 sec. In four P6 animals, the VB received lesions made by injection of 0.25-0.5 ~1 of 50 mM NMDA. This cytotoxic agent was used because its receptor is one of the earliest glutamatergic receptor subtypes that is expressed in the developing rat thalamus (Laurie and Seeburg, 1994; Monyer et al., 1994) . These injections were made using a glass micropipette with a 100 pm beveled tip attached to a 10 ~1 microsyringe. Animals were sutured and allowed to recover from the anesthetic before being returned to the dam.
Tissuepreparation. Rats were decapitated and their brains were quickly removed. Cerebral cortices were separated from the brainstem, flattened between two microscope slides, and then frozen by immersion in isopentane at a temperature below -20°C. These flattened cortices were sectioned tangentially.
A tissue block (which included the thalamus) from lesioned brains was frozen and sectioned for lesion verification.
In some cases, whole brains were frozen in isopentane at -20°C for 30 set for cutting in the transverse plane. (Broide et al., 1995) . a5S-labeled uridine triphosphate (UTP; DuPont NEN, Boston, MA) was used in synthesizing cRNA riboprobes for in situ hybridization. These probes were further subjected to alkaline hydrolysis using the method of Cox et al. (1984) to yield products with average sizes of 600 bases.
In situ hybridization. Tissue sections were processed for in situ hybridization according to a modification of the method described by Simmons et al. (1989) , 1970) . When measuring for partial lesions, only the area affected by the lesion, as evaluated from adjacent AChE-stained sections, was measured. At ages of P5 and older, tangential sections through layer IV were identified as those adjacent to AChE-stained sections showing the barrelfield pattern.
Sections through layer VI were identified as those showing the highest density of mRNA and binding levels within the deeper cortical laminae (Broide et al., 1995) and just superficial to the white matter. Other brain regions were identified using the atlas of Paxinos and Watson (1986) .
Because cerebral cortex is very thin, tangential tissue sections were conserved for data analysis. Sections were not taken for incubation with sense-oriented riboprobes or with unlabeled competitive drugs for nonspecific binding assessment. Instead, measurements were taken from the perirhinal cortex, adjacent to Sl and auditory cortex, as an internal control in assessing and subtracting background labeling within each experiment.
All data were examined by two-way and one-way ANOVA, followed by Newman-Keuls post hoc comparisons.
RESULTS
Emergence of (Y~ nAChR pattern in the Sl
Transverse sections at the level of the caudate putamen revealed an emerging laminar pattern of cr, nAChR mRNA and ['251]a-BTX binding-site distribution in the developing Sl ( Fig. 1) . Two cortical layers exhibited low-to-moderate mRNA and binding-site expression in all cortical regions throughout development. For (Y, nAChR mRNA, these corresponded to the subplate and celldense cortical plate, whereas [I" I]a-BTX binding-site expression was observed in the subplate and marginal zone, or layer I. These layers, which are present throughout cortical maturation, exhibited a homogeneous expression of mRNA and binding sites when viewed in the tangential plane (data not shown).
The focus of the present investigation, however, was on the emerging cortical layers between the subplate and the cell-dense cortical plate, which exhibited higher mRNA and binding-site expression in May 1, 1996, 76 (9) Postnatal day 0 Transverse sections at PO revealed AChE-stained thalamocortical terminals at the base of the cortical plate (data not shown). When viewed in the tangential plane, the pattern of these AChE-stained terminals within the Sl appeared disjunctive. In some littermates, higher levels of CY, nAChR mRNA and [1251]a-BTX binding-site expression were observed in the primary barrel region of the Sl than in adjacent cortical regions (data not shown). However, these patches of higher mRNA and binding expression were not consistently seen in all animals at this age.
Postnatal day 1 At Pl, the developing neocortex is comprised of layers VI and V (Fig. lD) , with layer IV neurons starting to aggregate at the bottom of the cell-dense cortical plate (Ignacio et al., 1995) . Transverse sections at this age revealed AChE-positive thalamocortical afferents localized at the base of the cortical plate (Fig.  L4 ). When viewed in the tangential plane, this AChE staining exhibited a disjunctive pattern (Fig. M) , as previously shown for this age . This disjunctive pattern of AChE staining was only observed in superficial layers of the cortex, presumably at the level of the cortical plate, and was not seen in sections of deeper cortical laminae (Fig. 2B) . Pl was the earliest age at which levels of a), nAChR mRNA and ['251]ol-BTX binding-site expression could consistently be detected as higher in the Sl than in adjacent cortical regions. This elevated expression of mRNA and binding was observed clearly within two layers (Fig. lB,C) . The laminar boundaries of this Sl-specific expression were better defined by mRNA, whereas binding-site expression appeared more evenly distributed across both layers. When compared with the adjacent Nissl-stained section (Fig. lo) , the superficial expression was localized to layer V, just below AChE-stained thalamocortical afferents (Fig. lA) , May 1, 1996, 76(9) whereas the deeper expression was localized to upper layer VI (Fig. lB, C) . In the tangential plane, an emerging pattern of cq nAChR mRNA and ['*'I]wBTX binding-site expression, corresponding to the primary barrel region (Fig. 2C,E) , was detectable in laminae just ventral to the AChE staining pattern (Fig. 24) . However, more extensive somatotopic patterns of mRNA and binding-site expression were seen in sections through deeper cortical laminae (Fig. W,F) , which did not exhibit somatotopic AChE staining (Fig. 2B) . Although the superficial patterns of mRNA and binding sites at this age were in layer V (Fig. M-D) , the deeper patterns were at the level of layer VI, as indicated by the presence of large areas of the caudate (Fig. W,F) (Broide et al., 1995) . At this age, both the mRNA and binding patterns were observed as patches with no apparent further differentiation (Fig. 2C-F ).
Postnatal day 3 By P3, layer IV has differentiated from the cortical plate (Fig. 1H) . At this age, AChE-stained thalamic terminals were found distributed mainly in layer IV, with some staining extending into the cortical plate (Fig. 1E) . The layer IV staining exhibited a distinct barrel pattern when viewed in the tangential plane (Fig. 3A) . This somatotopic labeling was not visible in deeper cortical sections. Instead, a pattern of slightly negative AChE staining was often observed delineating the primary barrel region within these deeper layers (Fig. 3B) .
At this age, disjunctive patterns of (Y, nAChR mRNA and [i2"I]o-BTX binding-site distribution were visible in the primary barrel region. In the transverse plane, laminar patterns of mRNA and binding-site distribution were observed similar to those seen at Pl (Fig. lF,G) , with highest levels in layer V and upper layer VI. Although AChE-stained thalamocortical terminals had reached layer IV (Fig. lE) , little or no mRNA or binding-site expression was observed in this layer. Tangential sections often exhibited patterns of q, nAChR mRNA and [1251]~-BTX bindingsite expression in the primary barrel region of superficial (Fig.  3C ,E) and deep layers (Fig. 3D,F) that indicated a subtle row-like As illustrated in Figure 3 , this pattern was better defined by binding (Fig. 3E,F) than by mRNA expression (Fig.  3C,D) .
Postnatal day 5 Layer III could be distinguished from the cortical plate by P5 (Fig.  1~5) . Adjacent transverse sections again showed AChE-positive thalamocortical terminals localized to layer IV and extending into layer III (Fig. U) , whereas a barrel-like distribution of these terminals was seen in the tangential plane (Fig. 4A) . This AChEstained pattern was not observed in deeper laminae, but showed a distinct, negative staining pattern of the primary barrel region within layer VI (Fig. 4B) .
At this age, LYE nAChR mRNA and [1251]~-BTX binding-site expression was observed in deep layer IV, at the base of AChEstained thalamic terminals (Fig. U,K) . As in Pl and P3, mRNA and binding-site distribution was still observed in layer V and upper layer VI, with layer VI exhibiting highest levels of expression. In the tangential plane, somatotopic patterns of mRNA and binding-site distribution were clearly detectable in the Sl region (Fig. 4) . Although the superficial mRNA pattern was often patchy with limited definition (Fig. 4C) , the [1251]~-BTX binding pattern was distinctly barrel-like at this level (Fig. 4E) . These sections were directly adjacent to those exhibiting an AChEstained barrel pattern (Fig. 4,4) , indicating them to be at the level of layer IV. At the level of layer VI, a more intense barrel-like distribution was evident for both mRNA and binding-site expression (Fig. 4D,F) . Within layer V, only ['251]cz-BTX binding exhibited a barrel-like pattern, but it was faint and lacked the definition observed in layers IV and VI (data not shown).
Postnatal day 10 By PlO, all cortical layers can be distinguished in the Nissl-stained section (Fig. 1P) . Transverse sections through Sl at this age showed clusters of AChE-reactive thalamocortical afferents throughout layer IV and extending slightly into layer III (Fig. l&f) . May 1, 1996, 76(9) In addition, there was some light AChE staining in superficial layer VI and deep layer V. When viewed in the tangential plane of section, an AChE-stained barrel pattern was visible in layer IV (Fig. 54) . A similar, but faint AChE staining pattern was also observed in layer VI (Fig. 5B) . At this age, mRNA expression was highest in deep layer IV and upper layer VI (Fig. 1N) . Within layer V, mRNA expression was now diminished and exhibited only scattered cellular labeling. In contrast, [1251]~-BTX binding was distributed in layers IV-VI in a columnar pattern (see Fig. 10 ) that corresponded to the pattern of AChE-stained thalamic terminals (Fig. 1M ). In the tangential plane, barrel patterns of both 01~ mRNA and [1251]a-BTX binding were observed at the level of layer IV (Fig. SC,D) . Although most intense in deep layer IV, these patterns spanned the entire layer, corresponding directly to the AChE staining pattern ( Fig. lM-P) . A barrel-like pattern of [lz51]~-BTX binding was also evident within layer VI (Fig. 5F) ; however, the pattern of mRNA expression in this layer was no longer disjunctive. Instead, a patch of mRNA expression slightly higher than in the adjacent cortex was observed (Fig. 5E ).
Quantitative analysis of (Y, nAChR ontogeny At Pl, the levels of LY, mRNA and ['2sI]a-BTX binding in both superficial and deep laminae of Sl were not substantially elevated above surrounding cortex (Fig. 6) . By P5, mRNA and binding-site levels in the barrel region exhibited a 200-400% increase in the superficial and deep laminae, with levels in layer VI higher than those in layer IV. Both mRNA and binding in layer VI peaked at P5-P7 and then declined significantly to adult levels (F,,25 = 10.698; F7,25 = 8.191;~ < 0.0001; one-way ANOVA). Within layer IV, there was a more delayed peak of mRNA and binding-site expression (Fig. 6) (Fig. 7C) .
A similar decline in LYE nAChR mRNA and ['251](r-BTX binding-site expression in the Sl region of the lesioned hemisphere was observed (Fig. 8) . Similar to the pattern of AChEstained thalamocortical terminals, there was a partial loss in the pattern of mRNA and binding, consistent with the extent of lesion. In both layers IV (Fig. 8&F) and VI (Fig. 8D,H) , only rows A-D were affected, whereas row E and part of row D were spared. Patterns of expression in the control hemisphere were unaffected (Fig. &l,C,E,G) . In layer VI, a 75% decrease in 01~ nAChR mRNA expression was observed in Sl of the lesioned hemisphere as early as 6 hr postlesion (p < 0.01) (Fig. SC) , whereas ['2sI]a-BTX binding-site levels were significantly decreased by 48% at 12 hr postlesion (p < 0.05) (Fig. 90) . After the first day, levels of mRNA and binding sites in layer VI of the lesioned side showed a significant increase (F5.28 = 2.58; F,,2, = 3.467; p < 0.05; two-way ANOVA), but remained lower than the control side until the fourth day postlesion. By this time, somatotopic patterns of 01~ nAChR mRNA and ['251]ol-BTX binding-site expression were observed to delineate the primary barrel region on the lesioned side, similar to that of control (Fig. lOE,F,Z,J) .
Effects of electrolytic thalamic lesions at P6
Effects of VB cytochemical lesions
To examine the dynamics of regulation by thalamocortical afferTo determine whether the c+ nAChR mRNA and ['2sI]a-BTX ents, electrolytic lesions were placed in the VB thalamic complex binding-site loss represented retrograde degeneration of corticoof P6 animals. After a 6 hr to 4 d survival period, cortical thalamic neurons, the VB thalamic complex of P6 animals was hemispheres were qualitatively and quantitatively analyzed for injected with NMDA, so that thalamocortical neurons would be mRNA and protein expression within the Sl. Transverse sections killed but corticothalamic projections could be spared. Transverse of thalamus were first assessed by light microscopy to verify sections of thalamus were again assessed by light microscopy to location and extent of VB lesions. Figure 7A shows a unilateral verify location and extent of VB lesions. Figure 7B shows a electrolytic lesion of the left VB complex from an animal lesioned unilateral cytochemical lesion of the left VB complex of the on P6 and killed 1 d later. This is an example of a partial lesion, thalamus from an animal that survived 1 d postlesion. This was a which destroyed the dorsal half of the ventral posterior medial nearly complete lesion that destroyed both the VPM and VPL as (VPM) and the ventral posterior lateral (VPL) thalamic nuclei.
well as the posterior (PO) thalamic nuclei. The lesion resulted in As illustrated in Figure 7E , this partial lesion resulted in a loss in a total loss of barrel-like AChE staining in the ipsilateral cortical Time course of lesion The loss in AChE staining of thalamocortical terminals within layer IV of the lesioned cortex was not complete until 24 hr postlesion. Animals killed at earlier time points still exhibited an AChE-stained barrel pattern, indicating that thalamic afferents had not completely degenerated (data not shown).
In contrast, quantitative analysis indicated that VB lesions resulted in a 33% decrease in levels of CY, nAChR mRNA expression in layer IV of the Sl as early as 6 hr postlesion (Fig. 9A) . By 12 hr postlesion, a maximal 50% reduction was observed that was significantly different from control (p < 0.05; Newman-Keuls). There was a slightly delayed reduction in ['251]a-BTX binding (Fig. 9B) , with a 15% decrease at 12 hr postlesion and a significant 52% reduction at 1 d (p < 0.05). By 3 d postlesion, mRNA levels in layer IV of the control and lesioned hemispheres were no longer significantly different and showed an increasing trend, whereas binding-site levels continued to show a significant difference. By the fourth day postlesion, distributions of (Y, nAChR mRNA and ['251](u-BTX binding sites exhibited a somatotopic pattern in layer IV of the lesioned Sl, similar to that of control (Fig. lOC,D, G,H) . However, AChE-labeled thalamic terminals on the lesioned side remained absent at this time period (Fig. lO&?) . May 1, 1996 May 1, , 76(9):2956 May 1, -2971 Brolde et al. l (Y, Nicotmic Receptors i n Developing Rat Sl Figure 7 . Effects of thalamic lesions on AChE-stained thalamocortical terminals in somatosensory cortex.A, Bright-field photomicrograph of a transverse section through the thalamic VB complex, 1 d after placement of a unilateral, electrolytic lesion. Note that only the ventral halves of the ventral posterior medial (W&f) and ventral posterior lateral (WL) nuclei are visible in the left hemisphere. B, Bright-field photomicrograph of a transverse section through the VB complex, 1 d after placement of a unilateral, cytochemical lesion. Note that most of the VB complex, as well as the posterior thalamic nucleus (PO), has been destroyed. C, E, Photomicrographs of AChE-stained thalamocortical terminals at the level of layer IV of the control (C) and lesioned (E) cortical hemispheres from the animal shown in A. 0, F, Photomicrographs of AChE-stained thalamocortical terminals at the level of layer IV of the control (0) and lesioned (F) hemispheres from the animal shown in B. AI, Auditoly cortex. Scale bar, 1 mm.
hemisphere (Fig. 7F) , while not affecting terminals on the control side (Fig. 70) . A similar decline in (Ye mRNA and ['251]a-BTX binding-site levels was observed in the lesioned cortex (Table 1) . Levels of mRNA were decreased by 69% (p < 0.05) and 84% (p < O.OOl), whereas binding levels were decreased by 33% (JJ < 0.01) and 55% (p < 0.001) in layers IV and VI, respectively.
Effects of electrolytic thalamic lesions at PO
To examine the influence of thalamocortical innervation on the developmental pattern of (Y, nAChR expression in the Sl cortex, electrolytic lesions were placed in the VB thalamic complex of PO rat pups. After a 5 d survival, cortical hemispheres were qualitatively and quantitatively analyzed for mRNA and protein expression within the Sl. At this age, a barrel-like expression of (Ye mRNA and ['251]ol-BTX binding sites within layers IV and VI is clearly visible in the control, unlesioned cortical hemisphere (Fig.  llC,E,G,I ).
Both partial and complete VB lesions resulted in a loss of barrel-like AChE staining in the ipsilateral cortex (Fig.  llB) , corresponding to the extent of lesion. A similar decline in c+ nAChR mRNA and [1251]~-BTX binding-site expression in the Sl region of the lesioned hemisphere was observed in layer IV (Fig.  llD,H ) and layer VI (Fig. llF,J) . Levels of mRNA were significantly decreased by 65% (p < 0.001) and 79% (p < O.OOl), * whereas bindmg levels were decreased by 82% (p < 0.001) and 81% (p < 0.001) in layers IV and VI, respectively (Table 2) . Lesion controls Measurements of 01~ mRNA and ['251]a-BTX binding-site levels in auditory or perirhinal cortex of either electrolytic or cytochemitally damaged animals showed no significant difference between the lesioned and control hemispheres (data not shown). In addition, animals that received electrolytic or cytochemical lesions in regions of the thalamus adjacent to VB did not exhibit any decrease in cr7 nAChR mRNA or ['251]a-BTX binding-site levels in the Sl. Finally, lesions that affected only a portion of VB affected only corresponding parts of Sl.
DISCUSSION
The present study demonstrates transient patterns of (Y, nAChR mRNA and protein expression during the early postnatal period of rat Sl development in deep and superficial laminae. Initial expression occurs -1 d later than the barrel pattern exhibited by AChE-stained thalamocortical terminals . The deeper pattern of receptor expression was localized consistently to upper layer VI, whereas the superficial patterns gradually shifted from deep to more superficial laminae, after the growing thalamocortical axons, and eventually localized in layer IV. Expression peaked at P7-PlO and declined thereafter to adult levels. Placement of lesions in the VB thalamic complex at PO (just as thalamocortical afferents are innervating the cortex) (Catalan0 et al., 1991) and at P6 (after the somatotopic map in the Sl has been well established) (Killackey et al., 1995) Schlaggar and O'Leary (1994) . To conserve tissue, sections for receptor analysis were not processed for nonspecific binding or sense hybridization. Previous studies from our laboratory have shown that nonspecific binding or hybridization represents <3.5% and 6% of total signal in this region, respectively (Broide et al., 1995) . Rather than use separate sections as nonspecific controls, labeling within the perirhinal cortex region of the experimental section was measured and subtracted as background, since labeling within this region did not change significantly with age or lesion.
Ontogeny of LX, nAChRs in relation to thalamic afferents Whereas layer VI of Sl is labeled by AChE at PO, consistent expression of I+ nAChRs was not observed in this region until Pl. Our observation that a), receptor expression follows the pattern delineated first by AChE suggests that expression of (Ye nAChRs in the Sl may be induced by ingrowing thalamocortical afferents.
One feature of 01~ nAChR expression in developing Sl is the somatotopic representation observed in both deep and superficial laminae. Whereas the deep pattern is consistently observed in layer Via, a superficial pattern develops behind ingrowing thalamocortical terminals. In the lower tier, the barrel patterns of q nAChR mRNA and protein expression become clearly evident at P3-PS. Earlier studies have demonstrated that ingrowing thalamocortical axons arborize in this region in a somatotopic pattern (Agmon et al., 1993; Schlaggar and O'Leary, 1994) . The consistent feature in our data is that growing thalamocortical axons appear organized in a somatotopic pattern in deeper layers and eventually in layer IV, and that a somatotopic pattern of 01~ nAChR mRNA and ['251]a-BTX binding appears to follow the thalamocortical pattern by -1 d.
Effects of thalamic lesions
Our lesion data have confirmed the critical influence of ingrowing thalamocortical afferents on cq nAChR expression in layers IV and VI. Electrolytic ablation of neurons in the thalamic VB nucleus of P6 rat pups, after the somatotopic map in the Sl has been well established, results in a rapid loss of (Y, nAChR expression in both cortical layers. The loss in a), mRNA expression is maximally decreased within 12 hr postlesion before the disappearance of AChE labeling of thalamocortical terminals. A corresponding but slightly delayed loss of protein is maximal within 24 hr. Cytochemical lesions of the VB at P6 also result in a significant and rapid decline in mRNA and protein expression in both layers IV and VI, confirming the specificity of this effect and eliminating the possible involvement of the reciprocal corticofugal pathway, which develops in parallel with the thalamocortical axons (De Carlos and O'Leary, 1992; Miller et al., 1993) .
After the initial downregulation after P6 lesions, however, some recovery of (Y, nAChR expression is observed such that with longer postlesion periods, the differences between control and lesion sides are no longer statistically significant. Furthermore, there is some re-emergence of the somatotopic pattern in both layers even though the loss of AChE-labeled terminals is complete. Thus, after the critical period of cortical development, 01~ nAChR expression is dynamically modulated and not completely dependent on thalamocortical innervation.
Electrolytic lesions placed in the VB of PO pups at the time when thalamocortical afferents are just beginning to innervate the cortex results in a lack of the normal (Ye nAChR developmental pattern in layers IV and VI of the ipsilateral Sl. These results suggest that during the critical period of cortical development, ontogeny of 01~ n4ChR expression is dependent on thalamocortical innervation. Taken together, these lesion data indicate that there is a very tight coupling between the thalamocortical pathway and cortical (Ye nAChR expression, and further suggest that these ingrowing afferents imprint a somatotopic pattern in both layers IV and VI.
The rapid loss of radioligand binding observed after placement of lesions may indicate a very rapid turnover of receptor protein.
A high rate of turnover of peripheral nAChRs has previously been observed at the developing neuromuscular junction (Michler and Sakmann, 1980; Reiness and Weinberg, 1981) . Alternatively, the observed binding changes may reflect alterations in receptor affinity or rapid internalization to an intracellular receptor pool (Stollberg and Berg, 1987) .
Evidence for LY, nAChRs on thalamocortical afferents Our present data suggest that +, nAChRs in developing Sl are localized primarily to cortical cells. However, in rat, a7 mRNA is also expressed in the VB thalamic complex (Broide et al., 1995) , which could suggest that a proportion of q nAChR expression in layer IV is on presynaptic terminals. Consistent with this hypothesis is our observation that the pattern of protein expression in layer IV is more discrete than that of mRNA. However, the mRNA and binding-site density were determined at the level of layers IV and VI of control and lesioned cortical hemispheres. Animals were unilaterally lesioned on PO as described in Materials and Methods and allowed to survive for 5 d postlesion. Data represent the mean + SEM for five animals. *, p < 0.001 significantly different from the control hemisphere.
ontogeny of protein expression in layer IV is later than that of AChE-labeled thalamic afferents and is more consistent temporally with the expression of mRNA in this region. Electron microscopic studies will be required to further clarify this issue.
Role of a, nAChRs in Sl ontogeny Much recent data implicate the (Y, nAChR in mechanisms underlying cellular plasticity. Previous studies have shown this receptor to be developmentally regulated (Couturier et al., 1990; Broide et al., 1995) and that activation of this receptor induces Cazt influx (Vijayaraghavan et al., 1992; Seguela et al., 1993; Zhang et al., 1994) and subsequent neurite retraction (Chan and Quik, 1993; Pugh and Berg, 1994) . Thus, the transient expression during the critical period of rat Sl development is consistent with a developmental role in establishing cortical circuitry. For this hypothesis to be valid, there must be a source of endogenous ACh within cortex during this period of early postnatal development. A transient expression of cholinergic neurons within rat sensory cortex has been reported to peak during the perinatal period (Dori and Parnavelas, 1989) . Also, cortical ingrowth of basal forebrain afferents in this species has been observed as early as PO (Calarco and Robertson, 1995) . DiI-labeling studies have indicated that early postnatal development of basal forebrain fibers coincides temporally with the expression of (Ye nAChRs, which we document in the present study. Whereas ChAT expression in these basal forebrain afferents has not been detected before P5 (Kiss and Patel, 1992) , the cells of origin are ChAT-positive at the time of birth (Gould et al., 1991) . It is therefore possible that ACh may be released from basal forebrain axons during early postnatal development. Electrophysiological studies will be required to address this issue further.
Our present data, indicating expression of a cholinergic receptor in association with AChE-labeled thalamocortical afferents, suggest the possibility that functional cholinergic synapses may exist during this critical period of cortical development. Thus, a functional triad may be formed between basal forebrain afferents, thalamocortical afferents, and cortical target cells. If, as extensive literature suggests , thalamocortical afferents stimulate differentiation of cortical structure and function, the c+ nAChR may serve as an early transducer of this process.
